China is rapidly advancing both theoretical research and practical exploration of her shale gas deposits. Shale gas deposits in China span the gamut of the basic geological features e.g
INTRODUCTION
In recent years, the U.S. has made a great breakthrough in shale gas exploration development (Curtis, 2002; Jarvie et al., 2007; Kuuskraa, 2007; Pollastro et al., 2007; Martineau, 2007) , and its output is dramatically increasing. This has greatly influenced the international market supply of natural gas and the global energy market's structure. It has also given rise to increased importance being attached to the relevant governmental departments, enterprises, universities, and related research institutes in China to accelerate the shale gas exploration process.
Fractured shale reservoirs were found in great quantities in China in the 1960s, but modern concepts and thinking originated in 1999. Zhang et al. (2003; 2004; 2006) have analysed the characteristics of China's organic-rich shale distribution and division to facilitate elementary analysis of shale gas geology, conditions, and resource potential. Zhang et al. (2008; ) also classified and sub-divided the main types of shale gas in China, and in doing so have laid a solid foundation for shale gas's gradual acceptance and recognition by various bodies in China. Since 2007, the oil and gas resources strategic research centre of the Ministry of Land and Resources has carried out a series of marine shale gas resource prospecting research projects focusing on the southern region together with China University of Geosciences (Beijing) (Zhang et al., 2008; 2010; 2011) . Subsequently, many oil enterprises and geological institutions have also actively developed exploration practices and development tests for shale gas. Related research institutions, represented by China University of Geosciences (Beijing), are engaged in research on shale gas and its accumulation mechanism.
In recent years, the strategic investigation, exploration, and development of shale gas in China has received increasing central government and political attention. When U.S. President, Barack Obama arrived in China for his first state visit in November 2009, China and the United States signed the "Sino-US Memorandum of Understanding on shale gas". The National Development and Reform Commission (Energy Board) and American State Council have established work planning resource evaluation, technical cooperation, and policy exchanges. In 2011, approved by the State Council, shale gas occupies the forefront of the current mind-set in the field of minerals: exploration rights and bidding sales of shale gas were successful; the first marketization exploration for oil and gas mining rights have been finalised. Relevant state departments have actively supported the research policy on shale gas development and its utilisation. Oil enterprises in China have organised special research institutes to develop shale gas potential evaluation and target area selection methods, while maintaining positive foreign joint-evaluation agreements such as that between Fushun-Yongchuan and Shell which establishes joint research collaboration plans with Norway, ConocoPhillips, BP, Chevron, and ExxonMobil: acquisition of some foreign shale oil and gas block rights is also underway. Both local government, and private capital, are in position for shale gas development, some regions have already begun planning the related basic work of shale gas development.
Continental oil and gas generation theory predominates China's oil-and gas-related geological features. Conventional oil and gas production developed from continental sedimentary strata is the core supporting China's hydrocarbon industry's development. China has gained her own breakthroughs in shale gas exploration and development in continental mud shales, however, relatively poor basic investigation and evaluation research have yet to make inroads into the continental shale gas resource potential: this is therefore a timely, necessary research issue.
THE BASIC GEOLOGIC FEATURES OF SHALE GAS IN CHINA
From the Proterozoic to the Quaternary era, China has much organic matter-rich shale strata series under various sedimentary environments, from marine facies, marinecontinental transitional facies, to continental facies. Because of the complex subsequent tectonic evolution, China' shale gas is characterised by its diversity.
Marine facies, marine-continental transitional facies, and continental facies shale in China present and manifest themselves in a wide variely of types. At different geological times, marine, marine-continental transitional, and continental strata have been formed in China, including ten sets of organic matter-rich shale stratifications with their combined characteristics differing widely from each other. Marine organic matter-rich shales in China mainly are developed in the Cambrian, Ordovician, Silurian, and Devonian eras of the Palaeozoic in the South and West, being characterised by their wide distribution area, stable sedimentary thicknesses and high levels of thermal evolution, etc.: the Yangtze Craton area provides a typical example. In addition, in the Qinghai Tibet area, Palaeozoic and Mesozoic marine shale develops with moderate thermal evolution: such marine shales being mostly thick-bedded, wide, of stable distribution, and comprising mainly marine arenaceous, and carbonatebearing rocks. Marine-continental transitional facies are widely distributed, relatively stable, organic matter-rich shales frequently inter-bedding with other lithologies such as sand and coal beds with low single layer thicknesses. Continental shale is mainly distributed in the North although it occurs in localised pockets in southern China: it is manifested as very large accumulative thickness, but of thin single layer, many interlayers, mud shale cyclical patterns of sandy shale, a planar distribution limitation, rapid lateral variation, and less thermal evolution (Fig. 1 ) Figure 1 . The columnar section of continental shale of typical basins.
The distribution of Palaeozoic, Mesozoic, and Cenozoic shale multi-layers in China exhibit 10 key types of organic matter-rich shale strata such as Cambrian, Ordovician, and Silurian from the lower Palaeozoic, and Devonian, Carboniferous, and Permian of upper the Palaeozoic, and Triassic, Jurassic, and Cretaceous of the Mesozoic and Cenozoic Palaeogene. Cambrian, Ordovician, and Silurian, of the lower Palaeozoic and Devonian, mainly develop marine shale, of which Yangtze and Dian-Qian-Gui area marine shale has the widest areal distribution of stable thickness, high organic carbon content, advanced thermal evolution, and extensive shale gas reflection. Industrial-scale flows of shale gas have now been acquired in south Sichuan and north Dian-Qian. The Carboniferous and Permian mainly saw the development of marinecontinental transitional shale facies rich in organic matter: they are most developed in the Ordos basin, the southern part of northern China and in the Dian-Qian-Gui region: these shale deposits exhibit more small single layer thicknesses but are of large accumulative thickness, high organic matter content, higher degree of thermal evolution, and rich shale gas indication. Mesozoic-Cenozoic continental rich organic matter shale mainly develops in oil and gas bearing basins such as Ordos, Sichuan, Songliao, and Junggar, (Fig. 1) with wide areal distribution, large deposit thickness, high organic matter content, less thermal evolution, and many shale layers.
At present, China's shale gas exploration is mainly concentrated in, and around, the Sichuan, Ordos, and Bohai Bay basins. China National Petroleum Corporation (CNPC) has accomplished a series of shale drillings and developmental, experimental work emphasising the value of lower Palaeozoic marine shale in the northern Sichuan basin and they have obtained good expected capacity; in and around the Yangtze area, aiming at Palaeozoic marine and marine-continental transitional, and Mesozoic continental shale strata, Sinopec has completed the reconstruction of a series of old wells and undertaken new drilling to good effect. An important breakthrough has been made in continental shale gas exploration of the Ordos basin (Triassic) and Sichuan basin (Jurassic) shales, which is opening a new chapter in continental shale gas development in China. By April 2012, 58 shale gas exploration wells had been implemented by oil enterprises, including 15 horizontal wells with shale gas flow from 30 wells obtained, and the shale gas fracturing technology has therefore been grasped, at least at a preliminary level.
China's organic matter-rich shale, with its wide distribution and multiple series of strata, affords broad prospects ), but owing to complex geological conditions and regional variations, it is still in the early stages of its development and exploration. Since 2008, various domestic research institutions have obtained shale gas recoverable resource predictions ranging from 10×10 12 m 3 to 32×10 12 m 3 in China (Zhang et al., 2008; Zhu et al., 2009; Dong et al., 2009; Zou et al., 2009; Zhang et al., 2011; Guo et al., 2011) ; among them, the continental shale gas resource is about one third of the total Chinese shale gas resource (Zhang et al., 2008; 
THE DISTRIBUTION OF CONTINENTAL RICH ORGANIC MATTER MUD SHALE IN CHINA
Starting from the late Palaeozoic, continental mud shale strata had begun their gradual development, especially during the Mesozoic-Cenozoic period, and continental, organic matter-rich clay shale -widely developed in northern China -also developed locally in the south.
In research assessing the national shale gas resource potential in 2011, according to the shale's development, geological foundation, areal structural characteristics, shale gas enrichment background, and surface development conditions, the regional distribution of shale gas in China is divided into five regions: upper Yangtze and DianQian-Gui, middle-lower Yangtze and southeast, northern China and the northeast, the Northwest area and Qinghai-Tibet area (no evaluation) (Fig. 2 ). There are obvious geological (and ensuing shale gas) differences between regions. Excluding QinghaiTibet, the other four regions have continental, organic matter-rich mud shale development potential as summarised in Table 1 . (1) North China and Northeast region: the Mesozoic-Cenozoic in North and Northeast China mainly contains continental, organic matter-rich shale with many layer series and a wide areal distribution. Mesozoic continental shale is mainly distributed in two depressions: the lacustrine basin of Ordos and Songliao. These shales exhibit: stable thickness, an effective thickness of between 60 m and 80 m, the development of many kerogen types, and thermal evolution degrees of between 0.7% and 1.5%, towards the centre of these lake basins this is at the upper end of that range (i.e. 1.5%), and overall, at the wet gas stage, they can form readily enrichable quantities of shale gas at an industrially viable scale. The Cenozoic mainly saw shales developed in fault depressed lacustrine basins, represented by Bohai Bay basin, with large shale accumulative thickness, partial coal-bearing seams, main organic matter of types II and III, a high organic carbon content, generally lower thermal evolution, and its body at the immature-mature hydrocarbon generation stage. The mud shale distribution range is limited to the interior of the basin with relatively low burial depth, key organic type I, with partial-gas generation of type II 2 -III, a higher organic carbon content of between 0.5% and 13.0%, and a widely varying range of thermal evolutionary maturity for organic matter mostly at the high-over mature stage. Mesozoic sedimentation is often associated with coal series, being characterised by large thickness, high organic carbon content of the partial-gas generation and good preservation conditions of the sedimentary shale: the thermal evolutionary stage of these shales'organic matter is generally lower due to lower regional geothermal flow effects. 
THE BASIC CHARACTERISTICS OF CONTINENTAL, ORGANIC-RICH, MUD SHALE IN CHINA
In addition to localised occurrences in southern China, continental dark mud shale with shale gas resource potential is mainly developed in the north of China, e.g. the organic matter-rich mud shale from Songliao basin (Cretaceous), Ordos basin (Triassic), Bohai Bay basin (Palaeogene), Tuha basin (Jurassic), etc. The basic geological parameters needed to form shale gas show that it generally has features such as: large accumulative thickness, moderate organic carbon content, and low to intermediate thermal evolution (Table 2) . The plane distribution of Cretaceous organic matter-rich, mud shale in the Songliao basin is relatively stable with thicknesses of between 100 m and 300 m, its organic matter is mainly sapropelic and of mixed type, its organic carbon content lies between 0.7% and 2.5%, with R o between 0.7% and 2.0%. The organic carbon content of lower Cretaceous dark mud shales in the Erlian basin ranges from 0.52% to 15.19% with an average between 1.35% and 2.06%, a thickness of between 200 m and 600 m, and thermal evolution at the low maturity-maturity stage.
Triassic lacustrine mudstones of the Ordos basin developed and their thicknesses are generally between 50 m and 120 m with an organic carbon content of between 0.5% and 6.0% and R o between 0.7% and 1.5%. At present, commercial shale gas flows have been obtained from Triassic Yanchang Formation in the South of the Ordos basin.
The Palaeogene continental organic matter-rich mud shale distribution in Bohai bay basin is controlled by the depression, its local accumulative thickness is more than 1000 m with a total organic content of between 0.3% and 3.0%, R o between 0.5% and 1.5%, diverse organic matter types exist, but with a relatively low degree of thermal evolution. Among them, Palaeogene lacustrine mudstone thickness in the Liaohe depression is between 1000 m and 1600 m with a local area thickness of 2000 m, an organic matter content of between 0.3% and 2.8%, and the R o range of its maturity between 0.4% and 2.2%. The thickness of the lower Cretaceous dark mudstones in the southern part of the North China basin is 200 m to 1000 m with an organic carbon content of 0.09% to 1.56% and the R o range of its maturity between 0.5% and 3.38%.
The Permian mud shale accumulative thickness in the Junggar basin is more than 200 m with an organic carbon content of 4.0% to 10.0%, the organic matter was of partial sapropelic-mixed type, with R o between 0.5% and 1.0%; Jurassic lake-swamp source rocks are widely distributed, with effective thicknesses between 200 m and 500 m with a widely varying organic carbon content of between 0.98% and 5.16%, R o between 0.48% and 0.74%, and kerogen strongly type II 2 -III oriented. The effective thickness of the Jurassic lacustrine mudstone in the Turpan-Hami (Tuha) basin is 50 m to 600 m with an organic carbon content of between 0.2% and 6.4%, the R o range of its maturity lay between 0.4% and 2.5%, k-kerogens were strongly III 2 typeoriented. The lower-middle Jurassic, and carbon, mudstones in the Qaidam basin are mainly distributed around the northern edge of the Qaidam Basin with organic carbon contents between 0.28% and 5.89%, an R o of between 0.4% and 2.18%, and thicknesses of between 9 m and 916 m. Tertiary organic matter-rich mud shale mainly is distributed in the west of the Qaidam Basin, at an average thickness of approximately 2000 m, an organic carbon content of 0.29% to 0.89%, and an R o of between 0.25% and 1.2%.
The organic matter types of the upper Triassic-lower Jurassic continental, organic matter-rich, mud shale in and around the Sichuan basin are complicated, with thermal evolution being moderate and large effective thickness manifest. At present, continental shale gas industrial flow has been obtained in this area and in these (Jurassic) strata.
THE ENRICHMENT CONDITIONS OF CONTINENTAL SHALE GAS IN CHINA
Although shale oil and gas resources, as commercially developed in the U.S., mainly occur in marine black shale, China has made an important breakthrough in the exploitation of continental, organic matter-rich, mud shale. Primary research shows that these are the favourable conditions to form shale gas resource enrichment for continental rich organic matter mud shale in China.
(1) Abundant reservoir space: being similar to marine black shale, the Chinese Mesozoic-Cenozoic continental, organic matter-rich mud shales develop many types of micropore and microfracture, mainly including micropores within the organic matter, clay mineral micropores, pores between mineral particles, mineral dissolved pore, tectonic or diagenetic microfractures with nanopores, micropores themselves, and mesopore development (Fig. 3) . Biyang depression in Nanxiang basin (Chen et al., 2011) .
(2) Many types of organic matter: relative to the primary features of marine black shale, in which the organic matter is strongly I type-oriented, continental mud shales' organic matter types are both more varied and more complex with organic matter of I, II, III types often of mixed development present: there usually are, therefore, wider oil-generating windows and potentially, more varied hydrocarbon-generating products therein.
(3) Large accumulative thickness: compared to sedimentary marine black shales, continental mud shale in China, especially that organic matter-rich mud shale in faulted lake basins, the rate of sedimentation is fast with large accumulative thickness arising, for example, the thickness of the Palaeogene Sha-3 member dark mud shale strata of the Jiyang depression in Bohai Bay basin is up to 1000 m. Sandstone, and other thin inter-bedded material, in continental mud shale strata develops the main reservoir space of such thin inter-bed shale. Continental, organic matter-rich mud shale is also inter-bedded with dense sandstone and coal seams which may form the paragenetic sequence of shale gas, tight sandstone gas, and coal-bed methane, which is helpful to integrated exploration. (4) Good preservation conditions: relative to the characteristics of most marine shales in southern China distributed in uplifted areas outside basins, the body of continental mud shales is distributed within younger sedimentary basins with a relatively short tectonic evolutionary history, moderate burial depth, and better preservation conditions.
(5) Resource abundance: relative to marine shale resource abundances of 2.0×10 8 m 3 /km 2 , continental sedimentary vertical deposits often form many sets containing organic matter-rich mud shale formations with mutual vertical super-position, large accumulative thicknesses, and, crucially, preliminary estimates for shale gas resource abundance in these fault basins can reach 12.0×10 8 m 3 /km 2 . (6) Good surface conditions with a majority in regions conventional hydrocarbon exploration and development maturity: relative to the landform marine shale formation's distribution area being mainly mountainous -in southern China -continental mud shale distribution areas here fall in regions containing mainly plains, hills, the Gobi desert, etc.: this is mostly situated in regions of relative maturity with regards to the exploration and development for conventional hydrocarbon operations, thus providing with better exploration, development, and construction conditions for future shale gas operations.
In addition to the above advantages, China's continental shale gas enrichment suffers the following two principal disadvantages:
(1) Relatively low maturity: for Palaeozoic marine shales in China, the organic matter thermal evolution degree continental rich organic matter mud shale is generally not high, 4500 m with shallow R o most being under 1.5%, 3000 meters with shallow R o most under 1.0%, at internal of wet gas generation window, local area mainly forming shale oil.
(2) Poor plane continuity and fast lateral section changes: continental deposits are controlled by high-frequency cycles and vertical multi-stage cycles have controlled similar, congruent, rhythmic changes of lithology, poor continuity and sudden changes of lithology and combinations thereof caused by frequent phase changes in profile and plane, increase the difficulty of shale gas resource exploration, which also influences the development scale of shale gas resource.
6. THE POTENTIAL OF CHINA'S CONTINENTAL SHALE GAS RESOURCE 6.1. Shale gas resource evaluation method Due to complicated accumulation mechanisms and the process of unconventional natural gas reservoirs, they are generally calculated by volume method (Schmoker et al., 1999; Klett and Charpentier, 2003; Pollastro et al., 2007; Zhang et al., 2012) . For shale gas, however, not being itself only determined by its physical boundary, plus China's shale gas possessing typological variations arising from the complexity of the prevalent geological conditions, the related calculation parameters are difficult to control accurately. Thus the principles of probabilistic methods are needed to carry out screening assignments, analysis, calculation, and characterisation of any results: all these factors indicate the suitability of the probability volume method. At the same time, in the face of sparse exploration geology data and low understanding of the evolutionary degree of China's shale gas, the comprehensive evaluation afforded the user by this probability volume method highlighted with the analogy, and statistical, methods as supplements, have been selected as the method of choice for national shale gas resource evaluation.
Based on the basic principle of the probability volume method, the resource amount of shale gas is the probability product of mud shale quality and unit mass of gasbearing mud shale (i.e. gas-bearing shale content). To overcome the uncertainty of shale gas evaluation parameters and guarantee the scientific rationality of any evaluation's output, a probability assignment of uniform distribution parameters is carried out by the distribution law of each parameter's probability and its corresponding value principal. That is, during the computation process, parameters which represent geological implications are analysed to study their distribution types, probability density function's features, and probability distribution rule. For general parameters, the parameter samples obtained are derived from statistics using normal, or normalising, distribution function to find an average value; deviations and parameter values under different probability conditions are then combined with the geological conditions and background characteristics of evaluation units, and reassembled using different calculation parameters to provide reasonable assignment. After the probability values of all calculation parameters are calculated by Monte Carlo method, P 50 is noted as the expected value of the shale gas resources.
The potential of continental shale gas resource
In 2011, supported by China's University of Geosciences (Beijing), the Ministry of Land and Resources was responsible for organising the first national shale gas resource potential evaluation: a systematic appraisal for 41 basins and regions, 87 assessment units, and 57 gas-bearing shale formations across four districts in China was undertaken to provide an expected value of the national shale gas geological resource potential. This was is 134.42×10 12 m 3 (not including the Tibetan region) with the expected value of recoverable resource potential being 25.08×10 12 m 3 meters (again, not including the Tibetan region).
The continental shale gas geological resource was estimated at 35.26×10 12 m 3 , which accounts for 26.23% of the national total, and the recoverable resource was estimated to be 7.92×10 12 m 3 , accounting for 31.59% of the national total. Continental shale gas potential was evaluated in the North and Northeast China region mainly including Triassic, Jurassic, Cretaceous, and Palaeogene strata; continental shale gas potential was evaluated in the northwest and it mainly included Triassic, Jurassic, Cretaceous, Palaeogene, and Permian from parst of the region; the key continental shale gas potential was evaluated in the upper Yangtze and Dian-QianGui region and was mainly Jurassic; continental shale gas potential layer evaluation in the middle-lower Yangtze and southeast China region mainly had Jurassic and Palaeogene strata (Table 3) . From its planar distribution, continental shale gas is distributed throughout four large regions of China, of which the greatest amount of geological resource lies in large superimposed basins in northwest China, followed in importance by north and northeast China; organic matter-rich mud shales in northwest China are widely distributed but across topographical landforms which are mainly desert, or mountainous in the case of southern China Mountains, which lead to relatively poor development conditions, therefore, were comprehensively considered when assessing recoverable resource conditions, the greatest amount of shale gas recoverable resource is in the north and northeast China region, at close to 3×10 12 m 3 , accounting for 37.75% of the total continental shale gas recoverable resource, next is the Northwest China region, the upper Yangtze and Dian-Qian-Gui regions, the middle-lower Yangtze, and southeast China, accounting for 34.97%, 27.02%, and 0.25% respectively (Figs. 4 and 5) . From layer series, the continental shale gas resources of China are mainly distributed in the Triassic, Jurassic, Cretaceous, and Palaeogene eras of the Mesozoic with some distribution in the Permian in Northwest China. Among them, the greatest geological, and recoverable, resources of continental shale gas were those formed in the Jurassic (Fig. 6 ) with recoverable resources amounting to 3.77×10 12 m 3 , accounting for 47.6% of the continental shale gas recoverable resource total; next was the Cretaceous, Palaeogene, Triassic, Jurassic, and Permian, which accounted for 4.12%, 12.37%, 10.61%, and 5.30% respectively (Fig. 7) . The proportions (by stratum) of continental shale gas geological, and recoverable, resources in China.
CONCLUSIONS
(1) Three types of organic matter-rich mud shales, namely: marine facies, marine-continental transitional facies, and continental facies have been developed in China, whose stratigraphic assemblage characteristics differ from each other. From the Palaeozoic and Mesozoic to the Cenozoic, there are ten suits of organic matter-rich shale strata such as the Cambrian, Ordovician, and Silurian of the lower Palaeozoic, the Devonian, Carboniferous, and Permian of the upper Palaeozoic, the Triassic, Jurassic, and Cretaceous of the Mesozoic, and finally, the Cenozoic Palaeogene. (2) Starting from the late Palaeozoic, continental mud shale deposits had gradually developed, especially during the Mesozoic-Cenozoic period: continental, organic matter-rich, mud shale is widely developed in north and northeast China, northwest China, and locally in southern China. Continental mud shale strata are characterised by their thin single thickness, multiple, and numerous interlayers, large accumulative thickness, rapid lateral variation, various organic matter types, a low degree of thermal evolution etc. At present, an important breakthrough has been made in continental shale gas exploration of the Ordos basin (Triassic) and Sichuan basin (Jurassic) strata. (3) China's continental, organic matter-rich mud shale strata possess abundant reservoir porosity, varied types of organic matter, large accumulative thickness, good preservation conditions, an abundance of resources and favourable surface conditions for shale gas resource enrichment. However, poor planar continuity, rapid lateral section changes, and relatively low thermal evolution of organic matter maturity for continental mud shales has, to some extent, adversely affected the scale of shale gas resource development. (4) The national shale gas resource has been calculated by using a probability volume method and the results showed that the recoverable amount of continental shale gas in China is approximately 7.92×10 12 m 3 , accounting for 31.59% of the total shale gas recoverable resource. Among this, the greatest amount of shale gas recoverable resource lies in north and northeast China, at approximately 3×10 12 m 3 , accounting for 37.75% of the continental shale gas recoverable resource total, next are Northwest China, the upper Yangtze and Dian-Qian-Gui regions, the middle-lower Yangtze region, and southeast China; the greatest geological resource amount, and recoverable resource amount, of continental shale gas is Jurassic, with recoverable resource amounting to 3.77×10 12 m 3 , accounting for 47.6% of the continental shale gas recoverable resource total. These were followed, in turn by, the Cretaceous, Palaeogene, Triassic, Jurassic, and Permian strata.
